Cells are known to sense and respond to the physical properties of their environment and those of tissue scaffolds. Optimizing these cell-material interactions is critical in tissue engineering. In this work, a simple and inexpensive combinatorial platform was developed to rapidly screen threedimensional (3D) tissue scaffolds and was applied to screen the effect of scaffold properties for tissue engineering of bone. Differentiation of osteoblasts was examined in poly(ethylene glycol) hydrogel gradients spanning a 30-fold range in compressive modulus (≈ 10 kPa to ≈ 300 kPa). Results demonstrate that material properties (gel stiffness) of scaffolds can be leveraged to induce cell differentiation in 3D culture as an alternative to biochemical cues such as soluble supplements, immobilized biomolecules and vectors, which are often expensive, labile and potentially carcinogenic. Gel moduli of ≈ 225 kPa and higher enhanced osteogenesis. Furthermore, it is proposed that material-induced cell differentiation can be modulated to engineer seamless tissue interfaces between mineralized bone tissue and softer tissues such as ligaments and tendons. This work presents a combinatorial method to screen biological response to 3D hydrogel scaffolds that more closely mimics the 3D environment experienced by cells in vivo.
Introduction
Regenerative medicine offers hope to millions of patients suffering from a wide variety of debilitating diseases. Engineered tissues and organs can bridge the ever-increasing gap between the demand and availability of donor organs [1] . Over the past decade, billions of dollars have been invested in the development of tissue-engineered products and yet the industry is only just beginning to become profitable [2] . A key challenge in this field is identifying optimal scaffold properties that promote desired tissue regeneration [1] .
Combinatorial methods applied successfully by the pharmaceuticals industry for drug discovery are being adapted towards accelerating the pace of tissue engineering research [3] [4] [5] [6] [7] [8] [9] [10] . These methods have typically utilized two-dimensional (2D) culture formats where cells were cultured on material surfaces. However, it has become well-accepted that cells cultured in a three-dimensional (3D) environment behave more like cells in native tissue than those cultured in 2D formats [11] . The objective of this work was to develop a simple combinatorial technique to enable rapid screening of 3D tissue scaffolds. The combinatorial platform was applied herein to systematically screen the effect of mechanical properties of poly(ethylene glycol) dimethacrylate (PEGDM) hydrogels on differentiation of encapsulated osteoblasts.
Photopolymerizable poly(ethylene glycol) (PEG) hydrogels have emerged as promising 3D scaffolds for tissue engineering [12] [13] [14] [15] [16] [17] . They have the advantage of being injectable for curing in situ [13] . Though the effects of PEG-based hydrogel chemical/physical properties (functionality, stiffness, and degradation) and biological properties (release of soluble proteins and growth factors, presence of cross-linked peptides or other bioactive moieties) on cell response have been demonstrated [12] [13] [14] [15] [16] [17] , these parameters have not been optimized to maximize tissue regeneration in 3D.
The fabrication approach utilized in this work yielded hydrogel scaffold gradients containing a 30-fold range (≈ 10 kPa to ≈ 300 kPa) in compressive modulus variation and contained osteoblasts in situ. The MC3T3-E1 murine cell line, a classic osteoblast model, was used to study differentiation and mineralization after encapsulation in hydrogel gradients. The results herein demonstrate that scaffold stiffness can be used to direct osteogenesis in 3D culture towards generation of mineralized tissue.
In addition, the hydrogel modulus gradients induced formation of mineralized tissue gradients. Gradients are prevalent in biology, and gradients in molecules, composition and properties exist at the interfacial regions of many tissues such as ligaments [18] , teeth [19] and intestine [20] . During organismal development, morphogen gradients are a primary mechanism used to drive pattern formation and organogenesis [21] . Thus, approaches for engineering graded tissues are critical in regenerative medicine. The mineralization gradients presented herein are unique because they were fabricated from a single material (PEGDM), did not require the addition of osteogenic supplements, were fabricated with osteoblasts in situ, were induced by varying only a material property (compressive modulus) and did not require expensive, labile or potentially-carcinogenic factors (peptides, proteins, growth factors, vectors) [22] . Furthermore, mineralization gradients obtained from modulus gradients in this study offer an approach for engineering seamless tissue interfaces for integration of hard and soft tissues as is found in ligaments and tendons.
Materials and Methods

Preparation and Characterization of Poly(Ethylene Glycol) Dimethacrylate
PEGDM was prepared following a previously-reported microwave-assisted reaction [17] . Briefly, PEG (MW = relative molecular mass 4000 g/mol, Sigma-Aldrich) was reacted with 10-fold molar excess of methacrylic anhydride (Sigma-Aldrich) in a standard microwave (GE 1100 W, at maximum power) in five 1 min intervals interspersed with 1 min cooling periods. The solid was dissolved in a minimal volume of methanol (Mallinckrodt Chemicals) and precipitated in excess ether (Sigma-Aldrich) in order to separate unreacted components. The precipitate was collected by vacuum filtration. Approximately 10 g of PEGDM monomer was used for the work described in the current report.
The functionalized product was characterized by matrix-assisted laser deposition/ionization time-of-flight mass spectrometry (MALDI-ToF MS) performed on a Bruker REFLEX II in reflectron mode using two-stage ion extraction [17] . Ablation was performed with a nitrogen gas laser having a 337 nm wavelength. The ion acceleration used was 25 kV. The precipitated product (6 mg) was dissolved in 1 mL of a water:acetonitrile solution (2:1 by volume) with approximately 0.1% by volume of trifluoroacetic acid added. The MALDI matrix, all-trans retinoic acid (5 mg), was dissolved in 1 mL tetrahydrofuran. The cationizing agent, sodium trifluoroacetate (6 mg), was dissolved in 1 mL of the water:acetonitrile solution. These solutions were mixed in a 10:25:10 ratio. This mixture was electrosprayed onto the MALDI target at 5 kV with a flow rate of 5 µL/min and at distance of approximately 2 cm through a steel needle with an inner diameter of 0.2 mm. The spectrum presented is the sum of 250 discrete laser shots (Fig. 1 ). The digitization was at 1 ns intervals.
Cell Culture
The MC3T3-E1 cell line was selected to characterize the combinatorial platform because it is a well-characterized murine osteoblast cell line [23] that has been used extensively as a model for osteoblasts yielding a detailed understanding of its behavior in vitro [24] . During culture, MC3T3-E1 cells follow well-characterized stages of osteogenesis [25] where they first adhere and proliferate, followed by differentiation and mineralization [26] . Thus, MC3T3-E1 cells are an established model for osteoblasts that can be used to study bone tissue generation in vitro.
MC3T3-E1 murine osteoblasts (Riken Cell Bank, Japan) were cultured as described previously [27] . Growth medium was used for all experiments except where indicated. Growth medium was prepared from α-modification of Eagle's minimum essential medium (Invitrogen) supplemented with 10 % volume fraction of fetal bovine serum (Gibco) and 0.6 % volume fraction of kanamycin sulfate (Sigma-Aldrich). Osteogenic medium was used in a control experiment and consisted of growth medium supplemented with 10 nmol/L dexamethasone (Sigma-Aldrich), 20 mmol/L β-glycerophosphate (Sigma-Aldrich) and 50 µmol/L L-ascorbic acid 2-phosphate (Sigma-Aldrich). Passage 4 cells were used for all experiments.
Preparation of Gradient Hydrogels
The combinatorial platform was assembled using a gradient maker (Hoefer SG15, Amersham Biosciences) ( Fig. 2 ) at room temperature (23°C). The output of the gradient maker was pumped through PVC tubing using a peristaltic pump (MMP-100, C.B.S. Scientific) at 1 mL/min into a single entry bottom-filling vertical mold (6 cm × 6 cm × 3 mm). The mold was prepared by machining a Teflon sheet (10 cm × 8 cm × 3 mm) that was tightly clipped between a Teflon block (10 cm × 8 cm × 5 mm) and a glass slide (10 cm × 8 cm × 1 mm, Amersham Biosciences) so that light could penetrate for photopolymerization. All equipment was sterilized with ethylene oxide and the gradients with encapsulated cells were prepared under aseptic conditions in a cell culture hood.
Pre-polymer solutions were prepared by dissolving 5 % and 20 % PEGDM mass fractions in phosphate-buffered saline (PBS, Invitrogen) containing 0.05 % mass fraction of 1-[4-(2hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one (Irgacure 2959, Ciba Chemicals). Solutions were sterile filtered (0.22 µm) before suspending 2.5 × 10 6 cells/mL. To fabricate gradient gels, 5.8 mL of the 5 % and 20 % PEGDM solutions containing suspended cells were transferred to the mixing and the stock chambers of the gradient maker, respectively. A stir bar was used to mix components in the mixing chamber and turning on the peristaltic pump initiated the gradient fabrication sequence. After the mold was filled (≈ 15 min), the pre-polymer solution was polymerized through the glass slide of the mold by exposure to 2 mW/cm 2 of 365 nm lamp (UVL-28EL series 8W, UVP) for 15 min.
The cured slab was immediately removed from the mold and cut with a razor along the direction of the gradient into six samples of 6 cm × 1 cm × 3 mm. The gels were transferred to 4-well plates with 8 mL culture media and cultured following conditions described above. Gradient gel controls for mechanical characterization and swelling measurements were prepared as described above except that cells were omitted and the gels were incubated in water instead of cell medium. A total of 36 gradients (6 cm × 1 cm × 3 mm) were used for the work described: 12 for osteoblast proliferation/differentiation, 6 for osteoblast mineralization and 18 for swelling/modulus measurements. Note that 6 gradients of dimensions (6 cm × 1 cm × 3 mm) can be made from each slab gel of dimensions (6 cm × 6 cm × 3 mm).
Preparation of Control Hydrogels
Control hydrogels of uniform composition were used in many instances to demonstrate that results from gradients could be replicated in uniform samples. Control gels were cylindrical with the following dimensions: 0.05 mL volume, 5 mm diameter, 2.5 mm thick. Controls were made of various compositions with (2.5 × 10 6 cells/mL) and without cells at room temperature (23°C) as indicated in the text and figures: 5 %, 10 %, 15 % or 20 % by mass of PEGDM. For cell culture experiments, control cylindrical gels with cells were cultured in 48-well plates with 1 mL of medium.
Viscosity Measurements of Monomer Solutions
Shear viscosity of un-photopolymerized PEGDM solutions (5 %, 10 %, or 20 % by mass in PBS) was measured using an ARES rheometer (TA Instruments) using a cone-and-plate configuration (diameter = 50 mm, cone angle = 0.04 rad). Viscosity was determined at room temperature (23°C) over shear rates ranging from 1 s −1 to 100 s −1 , where the viscosity remained constant. Several measurements (between 4 and 8) were made on each solution.
Mechanical characterization of Gradient Hydrogels
Compressive modulus of the gels was characterized after the samples were incubated in water for at least 1 d. Each sample was cut orthogonal to the direction of the gradient into six segments of 1 cm × 1 cm × 3 mm ( Fig. 3b ). A circular disk of 8 mm diameter × 3 mm height was punched from the center of each piece. The disks were subjected to a static compressive axial load at a strain rate of 0.01 mm/s (Enduratec, Bose) at room temperature. The load-displacement data were transformed to stress-strain plots. The slope of a linear fit for 2.5 % strain was used as a measure of the compressive modulus. Though most modulus measurements were made at room temperature (23 °C), some control measurements were made at 37 °C. For these measurements, samples were warmed in a 37 °C water bath immediately before making measurements.
To determine the swelling ratio along the gradient, disks were prepared as described above for the compression test. The mass of the disks were measured at equilibrium swelling (1 d). The disks were subsequently dehydrated under vacuum for 2 d and the mass of the dry solid was measured again. The swelling ratio equals mass of the swollen gel at equilibrium divided by mass of the dried solid.
Measurement of Cell Response in Gradients
The effect of hydrogel modulus on the viability and differentiation of encapsulated osteoblasts was assessed at 1 d, 7 d, 21 d and 42 d following scaffold fabrication. At the indicated time points, gradient hydrogel scaffolds were cut orthogonal to the direction of the modulus gradient into six equal segments ( Fig. 3b ). Each segment was further cut parallel to the direction of the gradient into five equal sections (1 cm × 2 mm × 3 mm) for use in five cell assays. Three measures of cell viability/number and two tests of osteogenic differentiation were used: Live/Dead, Wst-1, Picogreen, alkaline phosphatase and Alizarin Red S. All measurements were performed on three independent samples; there were 3 gradients for each time point (n = 3 for all data points).
Live/Dead Staining
Live/Dead stain is a vital fluorescence double-stain based on membrane integrity and intracellular esterase activity where micrographs are used to semi-quantitatively assess cell viability. Gel sections were incubated at 37 °C for 30 min in PBS containing 2 µM calcein AM (Live) and 2 µM ethidium homodimer-1 (Dead) (Invitrogen). Cells stained green (live) and red (dead) were imaged using an inverted epifluorescence microscope (Nikon Eclipse TE 300). Two fields were imaged on both green and red channels and the number of live and dead cells was counted manually for each image. The ratio of number of live cells divided by the sum of the number of live and dead cells was defined as the fractional viability.
Wst-1 Assay
Wst-1 assay was used to measure cellular metabolic dehydrogenase activity in nonhomogenized gels (cells must remain intact for the assay). Gel sections containing intact cells were incubated for 3 h in 24-well plates at 37 °C with 1 mL Wst-1 solution {Tyrode's-Hepes buffer containing 45 µmol/L Wst-1 [2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4disulfophenyl)-2H-tetrazolium, monosodium salt] and 2 µmol/L 1-methoxy-5methylphenazinium methylsulfate; Dojindo}. Aliquots (0.2 mL) from the reacted solutions were transferred to a 96-well plate and absorbance at 450 nm was measured by a microplate reader (SpectraMax M5, Molecular Dynamics). Wst-1 measurements were normalized to the mass of the gel slices to account for differences in the size of the gel slices.
Picogreen Assay
Picogreen measures detergent-extracted DNA from dounce-homogenized gel specimens. DNA content in the gels was determined using the Picogreen dsDNA Quantitation Kit (Molecular Probes). Gel sections were homogenized manually in a tissue grinder (Kontes Glass Company) in a buffer from the kit containing 0.3 % by mass sodium dodecyl sulfate (SDS, Sigma-Aldrich) and 0.8 mg/mL Proteinase K (Sigma-Aldrich). Samples were incubated overnight at 37 °C and 0.1 mL of solution was transferred to a 96-well plate with 0.1 mL of Picogreen solution (from kit). Fluorescence intensity was measured by a microplate reader using excitation and emission wavelengths of 488 nm and 525 nm, respectively. DNA concentration is determined by generating a calibration curve using serial dilutions of a DNA control which is provided with the kit. Picogreen DNA measurements were normalized to the mass of the gel slices to account for differences in the size of the gel slices.
Alkaline Phosphatase Assay
Alkaline phosphatase expression levels were assessed using Alkaline Phosphatase Detection Reagent (Stanbio Laboratory). Gel sections were incubated at 37 °C in a 24-well plate with 0.5 mL of 1 % by mass Nonidet P-40 detergent solution (Roche Diagnostics) for 4 h. An aliquot (0.1 mL) of the reacted solution was transferred to a 48-well plate and incubated at 22 °C with 0.5 ml of the reconstituted alkaline phosphatase reagent (17 mmol/L pnitrophenylphosphate and 4 mmol/L magnesium acetate) for 3 h. Normal control human serum (Stanbio Laboratory) of known alkaline phosphatase activity was used as reference. Absorbance at 405 nm was measured directly in the 48-well plate by a microplate reader. Alkaline phosphatase measurements were normalized to the mass of the gel slices to account for differences in the size of the gel slices.
Alizarin Red S Staining
Encapsulated cells were fixed in situ with formalin (Sigma-Aldrich). To stain for calcium deposits, the gel sections were incubated in 1 % by mass Alizarin Red S (Sigma-Aldrich) solution (pH 4.3) for 30 min at 22 °C and imaged within the gel on an inverted optical microscope using phase contrast.
X-Ray Microcomputed Tomography of Mineral Deposition
Cells within the intact gradient hydrogel samples were fixed in formalin at 42 d and 77 d. For macroscopic examination, gels were photographed with a digital camera (Nikon Coolpix 990). For 3D visualization and quantification of deposited minerals, whole gradients were imaged by X -ray microcomputed tomography (Scanco µCT 40, 55 kVp, 145 µA, 15 µm voxel size (isotropic resolution), 0.3 s integration, 325 slices, sigma 1.2, support 2, threshold 95). A contour region covering the central 90 % of the cross-sectional area was selected for analysis. The scanned gradients were analyzed in six segments using instrument software. The threshold value 95 was selected by analyzing voxel intensity histograms from control gradients (freshly-prepared gradient scaffolds without cells or mineral deposits). Threshold of 95 eliminated 99 % of the signal from control gradients and was used for all subsequent analysis of gradients with cells and mineral deposits.
Raman Spectroscopy Characterization of Mineral Deposition
Chemical composition of the mineral deposits was examined using a one-laser, broadband coherent anti-Stokes Raman scattering system (CARS). Control gels of 10 % or 20 % PEGDM were used for these studies (0.05 mL volume, 5 mm diameter, 2.5 mm thick). Osteoblasts (2.5 × 10 6 MC3T3-E1 cells/mL) were cultured in the control gels for 21 d, fixed in formalin and cut with a razor into slices approximately 1 mm thick for CARS. CARS was used to image gels with a pixel resolution of 0.5 µm. Raw CARS spectra were corrected for background using a Kramers-Kronig equivalent transform and averaged over 49 pixels to cover a cell in each image to yield approximate Raman spectra.
Statistics
All data are presented as mean ± S.D. (standard deviation) for n = 3, unless stated otherwise. Statistical analyses were performed by t-test or 1-way ANOVA with Tukey's test for multiple comparisons (analysis of variance) as indicated in the text. Differences were considered statistically significant for p < 0.05.
Results
Fabrication of Combinatorial Scaffold Libraries
PEGDM was prepared by end-functionalizing hydroxyl-terminated PEG following a onestep microwave-assisted reaction [17] . Mass spectrometry indicated that all PEG was functionalized and that it consisted of a mixture of 76 % dimethacrylate and 24 % monomethacrylate-modified molecules ( Fig. 1 ). When analyzing polymers by mass spectrometry, peak areas are quantitative since polymers are composed of repeating units that ionize in the same manner. There are two sets of peaks in the spectra: i) a larger peak that corresponds in mass to PEGDM (dimethacrylate) and a smaller peak that corresponds to PEGMM (monomethacrylate). The ratio of large to small peak areas is 76:24 for PEGDM:PEGMM.
A combinatorial platform was assembled incorporating a gradient maker to prepare hydrogels with gradients in stiffness ( Fig. 2a ). In a gradient maker, as liquid of the mixing chamber is drained, it is progressively diluted by contents of the stock chamber creating a gradient in composition of the effluent. For this study, the output of the gradient maker was pumped into a single-entry bottom-filling vertical mold prepared from Teflon sheets and a glass slide [28] . The design of the combinatorial platform affords easy assembly inside a standard hood used to maintain aseptic conditions for cell culture (Fig. 2b) and is thus wellsuited for encapsulating cells within hydrogel scaffolds in situ.
Gradient scaffolds for cell studies were prepared from cells suspended in PEGDM solutions such that the cells were encapsulated within the 3D hydrogel scaffolds. This photopolymerization process has been optimized to minimize cytotoxicity [14] . Although biochemical modification of the polymer network can significantly improve cell survival, no such techniques were applied herein in order to focus on the effect of matrix stiffness. Stiffness was varied by modulating the fraction of PEGDM from 5 % to 20 % (by mass in solution). Fig. 2c shows a gradient cast in the mold seen through the glass slide wherein trace amounts of a blue dye were added to the 20 % solution to make the gradient visible. The cast solution was cured through the glass slide using a 365 nm lamp to obtain gradient gels. For maximal throughput, a mold of 6 cm × 6 cm × 3 mm was designed to cast six gradient samples (6 cm × 1 cm × 3 mm) simultaneously, limited by the minimal and maximal usable volumes for the gradient maker and the dimensions of the lamp window that would ensure uniform curing. Fabrication of gradient hydrogels required approximately 30 min: 15 min to mix the gradient and fill the mold, and another 15 min for photocuring. Fig. S1 ). Modulus increased with increasing fraction of PEGDM and spanned nearly a 30-fold range from ≈ 10 kPa to ≈ 300 kPa. The slope of the modulus change increases from 12 kPa through 74 kPa and then remains constant (linear increase in modulus) through the end of the gradients at 306 kPa. Since the size of a cell (20 µm) is much smaller than the length scale of the changing modulus (centimeters), the changing slope should not affect cell response (each individual cell should sense the same modulus on all of its surfaces). The swelling ratio exhibited a concomitant decrease indicating that softer gels absorbed more water than stiffer gels. Note that Fig. 3a compiles data for 18 samples prepared from three casts. Measurements were repeatable between samples from single and multiple casts.
Mechanical Characterization of Gradient Scaffolds
Moduli and swelling ratios for control gels of uniform composition (Table 1) compared favorably with the measurements on the gradient hydrogels ( Fig. 3a) and with previous studies [15] . Though modulus data shown in Fig. 3a and in Table 1 was collected at room temperature (23 °C), the moduli of control 10 % and 20 % PEGDM gels of uniform composition were measured at 37 °C. Changing temperature from 23 °C to 37 °C did not affect the modulus measurements for 10 % or 20 % control gels (t-test, n = 3, p > 0.05) indicating that the modulus at room temperature was the same as that experienced by the cells at 37 °C.
Consistent with previous reports [15] , the compressive moduli of PEGDM hydrogels soaked in water up to 30 d did not change with time (t-test, n = 3, p > 0.05). The cross-linked PEGDM network structure was not expected to be susceptible to degradation under the conditions used herein. Note that the mean modulus values at each position in Fig. 3a are used as nominal descriptors to indicate hydrogel gradient position hereafter. The consistency in the modulus and swelling results shows that the combinatorial approach yielded reproducible hydrogel scaffold gradients.
Measurement of Cell Response
Three complimentary bioassays were used to measure osteoblast viability/number at each segment of the hydrogel gradients ( Fig. 3b; Fig. 4a-c; Fig. S2a-c) : 1) Live/Dead stain measures membrane integrity and cellular esterase activity; 2) Wst-1 assay measures cellular metabolic activity (dehydrogenase) and 3) Picogreen DNA assay measures DNA amount. All three assays detected higher cell numbers at earlier incubation times and in softer regions of the gradients (see Supplementary Information for a more detailed discussion of these data). Cell migration is not a factor in the interpretation of these results since PEG gels are non-degradable which prevents cell migration [29] . These results demonstrate that osteoblast numbers decreased in the hydrogel scaffolds and that cell survival was enhanced in softer segments of the gradients.
Two tests for osteoblastic differentiation were performed, alkaline phosphatase and calcium deposition. Calcium phosphate deposition represents the end result of osteoblast differentiation (mineralization) while alkaline phosphatase represents an earlier marker for osteoblast differntiation. In contrast to cell viability/number, osteoblast differentiation and mineralization increased with increasing culture time and increasing gel modulus, indicated by the enhanced alkaline phosphatase expression ( Fig. 3b; Fig. 4d; Fig. S2d ) and calcium staining ( Fig. 5 ). For alkaline phosphatase assay ( Fig. 4d ), results were normalized to the Picogreen DNA measurements (Fig. 4c ) to normalize for cell number (assumes that cell number is proportional to DNA). The same trend of significantly increased alkaline phosphatase expression with increased modulus and culture time was observed when the alkaline phosphatase results were normalized to the Wst-1 results ( Fig. S3 ; also see Supplementary Information for a detailed discussion of the normalization approach). Stains for calcium deposits were first observed at 7 d for 224 kPa and 306 kPa, and were greatly enhanced at 21 d and 42 d (Fig. 5 ). The 140 kPa regions, but not softer segments, stained positive for calcium at 42 d indicating delayed differentiation with decreased modulus. Longer cultures (> 21 d) led to graded mineralization that was visible to the naked eye and scaled with gel stiffness (Fig. 6a ).
X-ray microcomputed tomography (µCT) images and volume analysis also demonstrated that mineralization increased with increasing modulus and culture time in the hydrogel gradients ( Fig. 6b,c; Fig. S4 ). Significant mineralization (p < 0.05) was observed at modulus 224 kPa and higher for 42 d and 77 d. Although mineralization increased in the 140 kPa segment at 77 d, it was not statistically significant. Using the modulus values of PEGDM gels of known composition (Table 1) , it was calculated that gel modulus of 224 kPa corresponds to ≈ 16 % PEGDM (by mass). Cross-sectional µCT images of the hydrogels at 42 d show that mineralization occurred in the center of the gels in the lower modulus segments and then increased radially toward the gel edges with increasing modulus (Fig.  6d ). It may be that mineral deposition along the edges of the lower modulus gels is hindered since the gel edges are more accessible to medium. This increased accessibility to medium may dilute the secreted minerals and slow their precipitation and deposition at the gel edges relative to the core. Collectively, the mineral staining ( Fig. 5 ), alkaline phosphatase assay (Fig. 4d) , and µCT analysis ( Fig. 6b-e ) demonstrated that increased gel stiffness induced enhanced osteogenic differentiation and subsequent mineralization.
A number of control experiments with uniform composition disc-shaped gels were performed. 10 % gels (46 kPa) were selected as a soft gel control and 20 % PEGDM gels (390 kPa) were selected as a stiff control (see Table 1 for modulus data of control gels).
DNA content for 10 % soft control gels with cells was twice as high as for 20 % stiff control gels with cells (14 d culture, Picogreen assay, n = 3, data not shown), consistent with the gradient experiments that cell numbers were higher in softer gels (Fig. 4a-c) . In addition, the stiff control 20 % gels with cells mineralized but soft control 10 % gels did not ( Fig. 7a ) (n =3). These results with control gels validate the results observed for the gradient scaffolds and indicate that the gradient results were not artifacts that arise from the combinatorial platform gradient approach.
In addition, neither 10 % nor 20 % PEGDM gels without cells cultured in complete cell medium mineralized (Fig. 7a) (n = 3) . These results confirm that the increased mineralization in stiffer gels was mediated by the osteoblasts. For a positive control, it was observed that addition of osteogenic supplements to the cell medium induced osteoblasts to mineralize 10 % soft gel controls (Fig. 7b) . These results demonstrate that osteoblasts in softer gels are able to respond to osteogenic supplements by mineralizing.
The modulus of mineralized gels was also tested. Control gels of 10 % and 20 % PEGDM were cultured 21 d with cells and the 10 % soft gels did not mineralize while the 20 % stiff gels did mineralize (data not shown, similar to samples shown in Fig. 7a ). Modulus measurements showed that 21 d culture of the 10 % or 20 % controls with cells did not have a statistically significant effect on the gel modulus (t-test, n = 3, P > 0.05, data not shown). These results show that mineralization did not affect gel modulus.
To confirm that mineral deposits were calcium phosphates, Raman spectra were acquired for the gels using coherent anti-Stokes Raman scattering (CARS) [30] . A vibrational peak at 952 cm −1 , characteristic of calcium phosphates present in bony tissue [31] , was observed for stiff (20 % PEGDM), mineralized gels, but was not present in soft (10 % PEGDM), unmineralized gels (Fig. 8 ).
Discussion
Combinatorial methods are being developed to screen cell-biomaterial interactions to optimize scaffold properties for tissue engineering [3] . Examples include gradients of polymer blends [4] , nanoliter arrays of polymer compositions [5] , gradients of surfaceimmobilized biomolecules [6, 7] , arrays of extracellular matrix proteins [8] , and orthogonal gradients to screen topographical and chemical effects [9, 10] . In contrast to the 2D culture format (cells on surfaces) utilized in these methods, a combinatorial technique to fabricate gradients of 3D salt-leached polymer scaffolds for screening cell-scaffold interactions was reported recently [27] . The gradient platform presented in the current work addresses hydrogel scaffolds, enables 3D screening of cell-hydrogel interactions and is both simple and inexpensive to assemble. This platform was applied for identifying optimal hydrogel properties for differentiation of osteoblasts.
A gradient approach afforded systematic screening of cell response to changes in compressive modulus (≈ 10 kPa to ≈ 300 kPa) of hydrogel scaffolds (Fig. 3a) . Cell viability/ number was measured using a combination of three independent techniques (Live-Dead, Wst-1, Picogreen) and all three indicated a decrease in cell number with increasing modulus and culture time (Fig. 4a-c) . Previous work has examined MC3T3-E1 osteoblast response during culture on 2D planar substrates of different compressive moduli. A system of collagen-modified polyacrylamide gels (2D culture) in the presence of osteogenic supplements was used. In contrast to current data, MC3T3-E1 cell number was reported to increase with increasing compressive modulus (measured at 11 kPa, 21 kPa and 39 kPa) [32] . However, the current results in 3D ( Fig. 4d; Fig. 5; Fig. 6a-d) concur with the previous 2D observations that MC3T3-E1 differentiation and mineralization increase with increasing modulus [32] .
There is growing consensus that physical properties of materials, such as topography, geometry, porosity and stiffness, can be used to direct biological outcomes in a manner similar to traditional approaches involving chemistry or biomolecules [33] [34] [35] [36] . Previous studies with planar substrates (2D culture) have shown that stiffness of the underlying surface affects cellular behaviors such as proliferation, organization, migration and differentiation [33, 35, 36] . For previous work with osteoblasts in particular, proliferation of rat calvarial cells was enhanced on stiffer poly(N-isopropylacrylamide-co-acrylic acid) gels (2D) compared to softer gels [37] . Organization, motility and supplement-induced differentiation of MC3T3-E1 osteoblasts cultured on collagen-modified polyacrylamide gels and arginine-glycine-aspartate (RGD)-modified PEG-hydrogels (2D) were influenced by matrix stiffness [38, 39] . In a few studies, cell response to matrix stiffness has also been investigated in 3D culture [15, 16, 40] . Chondrocytes seeded within PEG hydrogels in chondrogenic media deposited a maximum amount of glycosaminoglycans at an optimal modulus [15] . Gel stiffness influenced differentiation of encapsulated cardioprogenitor cells in degradable PEG hydrogels [40] . Interestingly, it has been observed that phenotypic response of smooth muscle cells to changes in matrix modulus varied markedly in 3D culture (in gels) from that observed on 2D substrates (on gels) [16] . The current work demonstrates that scaffold mechanical properties influence osteoblast differentiation and mineralization in 3D.
It is widely believed that cells sense the stiffness of their environment and when cultured in vitro they behave most physiologically when the stiffness of the underlying substrate (2D format) matches the tissue modulus in vivo [35, 36] . Soft (non-mineralized) collagenous bone is believed to have a stiffness of ≈ 100 kPa [35] . Interestingly, for the mineralized gradients generated in this study, essentially no mineral deposits were observed for scaffold segments softer than 100 kPa ( Fig. 5 and Fig. 6e ). For stiffer segments with moduli > 100 kPa, the volume of minerals deposited increased with increasing modulus, although the volume in the 140 kPa segment was not statistically significant. Therefore, these results indicate that differentiation of osteoblasts in the 3D hydrogel scaffolds was maximized when the modulus of the scaffold matched the modulus of mineralized bone tissue in vivo. The intracellular signaling pathways that direct cell response to scaffold stiffness are poorly understood and are an active area of research. Recent work with MC3T3-E1 cells in 2D culture indicates that the extracellular signal-regulated kinase/mitogen-activated protein kinase (ERK/MAPK) signaling pathway could be playing an important role [38] .
In this study, 3D hydrogel modulus was varied by changing percent PEGDM composition whereby higher PEGDM composition yielded higher modulus gels. Increased gel modulus is associated with increased cross-link density and a reduction in correlation length (distance between polymer-rich domains or cross-linking points), with the latter affecting diffusion of molecules within the gel. However, previous studies using small angle neutron scattering found that the correlation lengths for cross-linked PEGDM gels were similar for 10 %, 20 % and 30 % gels (11 nm, 11 nm and 9 nm, respectively) indicating that diffusion rates would be similar [41] . In addition, the diffusion constant of Toluidine blue (MW 306 g/mol) was observed to be nearly the same for 5 % and 10 % poly(ethylene glycol) diacrylate (PEGDA) gels (PEG MW = 6000 g/mol; D 5% = 1.2 × 10 −5 cm 2 /s; D 10% = 0.99 × 10 −5 cm 2 /s), which are very similar to the PEGDM gel system used herein [42] . These results suggest that diffusion rates should be similar in the different regions of the PEGDM gradient gels fabricated in this study.
It is also unlikely that chemistry varies significantly within the gradient gels. For the PEGDM molecules used in this study, there are only 2 methacrylate groups for every 91 repeat units of ethylene glycol. PEGDM in the pre-polymer solutions contains greater than 96 % PEG (by mass) and only 4 % methacrylate. Fewer free methacrylate groups will be available after photo-polymerization such that there will be essentially no difference in chemistry along the gradient.
Although the cell morphology was predominantly spherical at all moduli in the gradients (Fig. 5 insets) , there was an increase in clustering of encapsulated cells with increasing gel stiffness (Fig. 5) . The clustering was not caused by the gradient fabrication process because it was also observed in stiff gels of uniform composition (like those shown in Fig. 7) . Clumping was observed immediately after photopolymerization of stiff gels suggesting that the polymerization process caused the clumping. The rapid crosslink reaction in the more concentrated solutions likely excludes cells leading to areas where cells are closer together.
Ligaments transition from soft, non-mineralized connective tissue into harder, mineralized bone tissue spanning a compressive modulus range of ≈ 100 kPa to ≈ 1000 kPa [18] , comparable to the range afforded by the graded scaffolds herein (≈ 10 kPa to ≈ 300 kPa). Studies to generate continuous interfaces with engineered bone have been reported previously [43] [44] [45] . Triphasic scaffolds have been fabricated from two polymers and a bioglass and used to co-culture fibroblasts and osteoblasts towards engineering the boneligament interface [43] . More recently, graded retroviral delivery of an osteoblast transcription factor (Runx2) from a collagen scaffold to seeded fibroblasts was used to generate a gradient construct for ligament engineering [44] . Others have fabricated graded osteochondral constructs by culturing mesenchymal stem cells seeded on scaffolds containing opposing gradients in growth factors: bone morphogenic protein (BMP-2) for inducing osteogenesis and insulin-like growth factor (IGF-1) for inducing chondrogenesis [45] .
The gradients constructed herein were designed for combinatorial screening and were 6 cm in length. The point of insertion for anterior cruciate ligament has a gradient from ligament to fibrocartilage to bone that spans several mm [43] . Thus, the length scale of the current gradient system could be reduced from cm to mm in order to match the length scale of the gradients found in ligament in vivo.
Results presented in this study indicate that gradients in scaffold stiffness (compressive modulus) can be leveraged towards engineering seamless tissue interfaces between bone and soft tissues. The current approach for fabricating a mineralized tissue gradient is unique because only a single material (PEGDM) was used and only a physical property (modulus) of the scaffold was varied. Graded osteogenesis was induced without the use of expensive, labile or potentially carcinogenic bioactive factors (proteins, peptides, growth factors, vectors) [22] . Moreover, the graded tissue generated herein did not require the addition of osteogenic supplements to the medium and was fabricated with osteoblasts in situ. It may, therefore, be possible to augment tissue regeneration in situ by modulation of the mechanical properties of these injectable hydrogels without use of bioactive factors.
Conclusion
This work presents a combinatorial method for screening cell-material interactions in a 3D cell culture format that mimics the 3D environment of cells in vivo. This platform was utilized to fabricate gradient hydrogel scaffolds with osteoblasts encapsulated in situ containing a 30-fold range in compressive modulus within a single specimen (≈ 10 kPa to ≈ 300 kPa). Results presented herein demonstrate that mechanical properties of the matrix influence differentiation of osteoblasts in 3D in the absence of biochemical cues in the form of supplements, immobilized biomolecules or vectors. The gradients enabled systematic screening of osteoblast differentiation and demonstrated that hydrogels of modulus ≈ 225 kPa (≈ 16 % PEGDM by mass) or higher were required for inducing significant mineralization. In addition, these results demonstrate that variation of only a material property, compressive modulus, can be used to induce graded osteogenesis and generation of a mineralized tissue gradient that could be applied to integrate hard and soft tissues such as a tendon or a ligament. (a) Schematic illustration of the combinatorial platform used to prepare hydrogel scaffolds with gradients in mechanical stiffness. The output of the gradient maker, placed on a magnetic stir plate, was pumped by a peristaltic pump into a vertical mold and cured with a 365 nm lamp. The structure of PEGDM is shown in the gel gradient on the right. (b) Photograph of the sterilized equipment arranged in a cell culture hood for aseptic gradient fabrication. (c) Image of the mold, as observed through the glass slide, filled with the output of the gradient maker wherein a trace amount of Trypan Blue dye was added to the solution in the stock chamber containing 20 % PEGDM. Each mold yielded a square gradient gel (6 cm × 6 cm × 3mm) which was cut into six gradient slab scaffolds of 6 cm × 1 cm × 3 mm. (a) The compressive modulus (dotted blue line) and swelling ratio (solid black line) are plotted for the gel at different positions along the gradient. Error bars are standard deviation and n is 18 for each data point. Guidelines are drawn to aid the eye. Statistical analyses are presented in Fig S1. (b) Experimental scheme to characterize the cell response in the gradient hydrogels. Gradients were cut into six segments of 1 cm × 1 cm × 3 mm along the direction of the stiffness gradient. To determine the cellular response the gels were further cut into five equal sections of 1 cm × 2 mm × 3 mm for the five assays and stains indicated. The numbers on the 6 gel sections on the left correspond to modulus. Cell response in the modulus gradients determined at 1 d (solid gray), 7 d (vertical lines), 21 d (horizontal lines) and 42 d (cross-hatched) for the following tests: (a) fractional viability determined by Live/Dead staining, (b) metabolic activity from Wst-1 assay, (c) DNA content from Picogreen assay, and (d) alkaline phosphatase expression activity normalized to DNA content. Note that all measurements in (b), (c) and (d) were normalized to the mass of the gel slices to account for differences in the size of the gel slice. Error bars are standard deviation and n is 3 for all data points. Statistically significant differences (p < 0.05) for 42 d results are indicated by an asterisk (1-way ANOVA with Tukey's) (if an asterisk is encountered when following the line between two data points, then the data points are significantly different). See Fig. S2 for a more complete statistical analysis. The legend provided at the top of the figure applies to all panels (a-d).
Figure 5.
Representative phase contrast micrographs of gels stained with Alizarin Red S illustrate the spatio-temporal onset and progression of mineral deposition by encapsulated osteoblasts in hydrogel scaffold gradients. Dark patches in the images arise from Alizarin Red S staining of calcium deposits. Scale bar in upper left panel is 0.3 mm and applies to all panels except 1 d insets. The insets in the 1 d panels are 40 µm across and rounded morphology of encapsulated osteoblasts is seen at all moduli. (a) Photograph of deposited mineral gradients induced by hydrogel stiffness gradients after 42 d and 77 d culture of encapsulated osteoblasts. Deposition of minerals in the stiffer ends of the gradients causes a change in appearance from transparent to white. Representative 3-D reconstructions of the mineral deposits in the gradients at 42 d (b) and 77 d (c) from µCT scans of the hydrogel scaffold gradients. The 3D images shown are composites of scans from the six segments corresponding to the different moduli and the scale bar between (b) and (c) applies to both images. (d) Images present cross-sectional view of the 42 d mineral distribution for 3 mm thick slices at three different positions along the gradient as indicated in (b) by the lower case roman numerals [(i), (ii), (iii)]. Scale bar in (d) applies to all three cross sections. (e) µCT volume analysis of the mineral content in the gradients at 42 d (cross-hatched) and 77 d (dotted) indicating spatio-temporal differences in mineralization with change in modulus. Inset presents the smaller values for the softer segments. Error bars are standard deviation and n is 3 for all data points. Statistically significant differences (p < 0.05) for 77 d results are indicated by an asterisk (1-way ANOVA with Tukey's). If an asterisk is encountered when following the line between two data points, then the data points are significantly different. See Fig. S4 for complete statistical analysis. Control experiments in uniform composition gels validate gradient gel results. (a) Hydrogels of uniform composition were fabricated from 10 % or 20 % by mass PEGDM with (2.5 × 10 6 MC3T3-E1 cells/mL) or without cells (n = 3). At 56 d, both 10 % and 20 % PEGDM gels cultured without cells in complete cell medium did not show significant mineralization. The 10 % gels (soft) containing cells also did not mineralize while the 20 % gels (stiff) containing cells did mineralize. (b) Control experiments to test the effect of osteogenic supplements (dexamethasone, β-glycerophosphate, L-ascorbic acid 2-phosphate) on osteoblast mineralization in PEGDM gels. Hydrogels of uniform composition were fabricated from 10 % or 20 % by mass PEGDM with MC3T3-E1 cells (2.5 × 10 6 cells/mL). Cells in gels were cultured for 21 d, fixed, stained for Alizarin Red and imaged. Coherent anti-Stokes Raman scattering (CARS) imaging was used to analyze the composition of mineral deposits in gels. Osteoblasts encapsulated in control gels of uniform composition (10 % PEGDM, red line; 20 % PEGDM, blue line) were cultured for 21 d, fixed and imaged by CARS. The softer gels (10 % PEGDM, 46 kPa) did not mineralize whereas the stiffer gels (20 % PEGDM, 390 kPa) did mineralize, similar to the images shown in Fig. 7a where 20 % gels containing cells turned white. The peak at 952 cm −1 in the stiffer 20% gels (blue line) corresponds to a vibrational resonance for calcium phosphate, which is not observed in the spectra from the softer 10% gels (red line).
